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Abstract
From temperature and magnetic field dependent point-contact spectroscopy on the ferromagnetic
superconductor Sr0.5Ce0.5FBiS2 (bulk superconducting Tc = 2.5 K) we observe (a) a pseudogap in
the normal state that sustains to a remarkably high temperature of 40 K and (b) two-fold enhance-
ment of Tc upto 5 K in the point-contact geometry. In addition, Andreev reflection spectroscopy
reveals a superconducting gap of 6 meV for certain point-contacts suggesting that the mean field Tc
of this system could be approximately 40 K, the onset temperature of pseudo-gap. Our results sug-
gest that quantum fluctuations originating from other competing orders in Sr0.5Ce0.5FBiS2 forbid a
global phase coherence at high temperatures thereby suppressing Tc. Apart from the known order-
ing to a ferromagnetic state, our first-principles calculations reveal nesting of a multi-band Fermi
surface and a significant electron-phonon coupling that could result in charge density wave-like
instabilities.
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1. Introduction:
Within the ambit of the microscopic theory of superconductivity developed by Bardeen,
Cooper and Schriefer (BCS) [1, 2], superconductivity and ferromagnetism are two antago-
nistic phenomena [3, 4]. While in the high temperature superconductors it is believed that
the superconducting pairing is mediated by magnetic interactions [5], it is also known that
superconductivity competes with magnetism. For example, in certain cuprate superconduc-
tors the critical temperature is enhanced when the antiferromagnetic ordering is suppressed
[6–8]. On the other hand there are few systems where superconductivity is seen to co-exist
with ferromagnetism [9–13]. Perhaps the most recently discovered member of the ferro-
magnetic superconductor family is Sr0.5Ce0.5FBiS2 where the Ce ions are known to order
ferromagnetically at 7.5 K and the system undergoes a superconducting transition below 3
K.
Sr0.5Ce0.5FBiS2 is derived by doping Ce in the Sr sites of the parent compound SrFBiS2,
which is a semiconductor. BiS2 based superconductors in general have attracted tremen-
dous interest in recent times due to their remarkable structural similarities with the high
Tc cuprate and the ferropnictide supercondcutors [14–17]. Like in the cuprates and the
ferropnictides, the BiS2 based superconductors posses layered crystal structure where the
BiS2 layers superconduct, and variety of superconductors are obtained by changing the in-
tercalating block layers [18–24]. Primarily because of this similarity, significant interest has
developed in studying the electronic structure, the pairing interactions and the magnetic
interactions in the BiS2 based superconductors.
In this Letter, from detailed temperature and magnetic field dependent point-contact
spectroscopy measurements, we show that superconductivity in the ferromagnetic super-
conductor Sr0.5Ce0.5FBiS2 competes with other existing orders thereby leading to a normal
state pseudogap. Using first principles calculations, we show the evidence of nesting in
the multi-band fermi surface of this material [25–31]. From the detailed analysis of the
experimental and the theoretical results we conclude that the pseudogap in Sr0.5Ce0.5FBiS2
originates from fluctuations of the phase of the complex superconducting order parameter.
These fluctuations probably result from the quantum phase transitions to other competing
orders supported by the multi-band Fermi surface of Sr0.5Ce0.5FBiS2. This idea is further
supported by the observation of a two-fold enhancement of the local Tc when the nesting
becomes weaker at metallic point-contacts formed on Sr0.5Ce0.5FBiS2 .
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2. Experimental results and discussion:
The point-contact spectroscopy experiments were performed at low temperatures in a liquid
helium based cryostat. All the measurements presented in this Letter were performed on
a polycrystalline sample of Sr0.5Ce0.5FBiS2 and the metallic point-contacts on the sample
were fabricated by sharp tips of pure palladium (Pd). Statistically we found two types of
dI/dV spectra obtained at different points on polycrystalline Sr0.5Ce0.5FBiS2. Two such
representative spectra are shown in Figure 1(a) (spectrum type A) and Figure 1(b) (spec-
trum type B) respectively. It should be noted that the observation of two types of spectra
might also be possible due to the existence of phase inhomogeneity in the sample. Within
the standard characterization tools (including X-ray diffraction analysis) that we have used
to determine the phase purity of the samples, all the samples formed in single phase. On
the other hand, on an average, since the two types of spectra appeared with equal number
of times, an inhomogeneous phase would consist of two phases distributed over the sur-
face in almost equal proportion. However, in that case the two phases would be distinctly
identified in XRD analysis. Therefore, the emergence of two types of spectra due to phase
inhomogeneity can be ruled out. The spectrum shown in Figure 1(a) has a double peak
structure symmetric about V = 0. Such a double peak structure is a hallmark of Andreev
reflection in ballistic normal metal-superconductor (NS) point-contacts. The position of the
peaks in such spectra gives an estimate of the amplitude of the superconducting energy gap.
Fitting this spectrum with the theoretical model of Blonder, Tinkham and Klapwijk (BTK),
our estimate of the superconducting energy gap is ∆ ' 2.4 meV. In the later part of this
Letter, we will refer to this type of spectrum as type A. The spectrum shown in Figure
1(b) also shows the double peak structure symmetric about V = 0. However, the spectrum
is significantly broadened and consequently the spectrum deviates from BTK-like behavior.
If the position of the peaks is taken as a rough estimate of the superconducting energy gap
for such a spectrum, the gap amplitude turns out to be ∆ ' 6 meV. In the later part of this
Letter we will refer to this type of spectrum as type B. We surmise that the observation
of two types of spectra with prominent anisotropic features originate from the anisotropic
band structure of Sr0.5Ce0.5FBiS2 (confirmed by calculated band structure presented later).
We have investigated the temperature dependent behavior of the superconducting energy
gap as extracted from the type A spectrum. For this, we recorded the spectra at different
temperatures and fitted the spectra using BTK formalism. The temperature dependent
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FIG. 1: Different types of point-contact spectra obtained on Sr0.5Ce0.5FBiS2 (a)
A representative spectrum of type A (∆ ' 2.4 meV). The double peaks structure
symmetric about V = 0 indicated by arrows is a hallmark of Andreev reflection in NS
point-contacts. (b) A representative spectrum of type B (∆ ' 6 meV). (c) Temperature
dependence of a spectrum of type A with BTK fits (indicated by solid lines) of each
spectra. (d) Temperature dependence of ∆ extracted from BTK analysis of the
temperature dependent spectra. The dotted line shows the BCS prediction.
spectrum as well as the BTK fitting are shown in Figure 1(c) as dotted and solid lines re-
spectively. It is seen that the features associated with Andreev reflection vary smoothly with
temperature and the double peak structure disappear around 2.8 K. Beyond this tempera-
ture the low-bias conductance enhancement is present which decays smoothly with further
increasing temperature and eventually all prominent spectral features associated with su-
perconductivity disappear around 5 K. This temperature is approximately 2 times higher
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than the bulk Tc. It is important to note that the spectra could be fitted nicely using the
BTK model which was developed for conventional BCS superconductors. Furthermore, the
extracted temperature dependence of the superconducting energy gap shown in Figure 1(d)
follows the trend as expected in BCS theory provided the low-temperature gap is assumed
to be 2.4 meV with a Tc of 3.3 K. A gap amplitude of 2.4 meV indicates high value of
∆/kBTc ∼ 12, which is large even in comparison with the known strong coupling supercon-
ductors. In the other hand the energy gap (∆) extracted from type B spectra is 6 meV.
In fact, such a high value of the energy gap suggests a mean field critical temperature Tc
of around 40 K (2∆ ' 3.5 KBTC) within the formalism of weak-coupling conventional BCS
theory. In the past it was shown for certain unconventional [32, 33] and disordered con-
ventional superconductors [34] that superconducting correlations might emerge at a higher
temperature while the systems did not superconduct down to a much lower temperature due
to fluctuation of the phase of the complex superconducting order parameter [35]. Following
the above discussion, it is rational to surmise that in Sr0.5Ce0.5FBiS2 local superconducting
correlations emerge at temperatures as high as 40 K but there are other physical processes
in Sr0.5Ce0.5FBiS2 which make the phase of the order parameter fluctuate and does not allow
a global phase-coherence until the system is cooled down to less than 3 K. Similarly, the
gap corresponding to the spectra of type A is around 2.4 meV for which the mean field Tc
should be around 16 K. This is also quite large considering the low Tc of the superconductor.
Since the system is close to a phase fluctuation regime, as evidenced by the features observed
in the spectra type B, it is possible that the phase of the order parameter associated with
the spectra of type A also fluctuates.
The magnetic field dependence of the spectrum of type A is shown in Figure 2(a) with
respective BTK fits. Figure 2(b) shows a systematic evolution of the superconducting energy
gap as a function of magnetic field. The upper critical field of the given point-contact is
approximately 1.2 Tesla where all the spectral features disappear.
Now the natural question which must be addressed first is what physical mechanism might
lead to the fluctuation of phase and suppression of superconductivity in Sr0.5Ce0.5FBiS2
leading to the emergence of the pseudogap-like feature. To this end, we first consider the
competing physical orders present in the system. From previous measurements it is known
that in Sr0.5Ce0.5FBiS2 a ferromagnetic order coexists with superconductivity. Proximity of
ferromagnetic fluctuations may indeed suppress superconductivity leading to an effective Tc
5
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FIG. 2: (a) Magnetic field dependence of a representative spectra of type A. The solid
lines show BTK fits. The spectra have been shifted vertically for visual clarity. (b)
Magnetic field dependence of ∆. (c) Temperature dependence of a representative spectrum
of type B. (d) The spectrum of type B obtained at 6 K at 0 T and 5 T of magnetic field.
much lower than the mean field Tc. However, the ferromagnetic transition of the system also
happens at low temperature ∼ 7.5K. Therefore, it is important to identify other competing
orders that might be responsible for dramatic reduction in Tc from around 40 K to 3 K. In
order to address this issue, we must now focus on the spectra of type B that is supposedly
obtained when current is injected along a different momentum direction on the Fermi surface
of polycrystalline Sr0.5Ce0.5FBiS2 and the spectral features are predominantly governed by
a different band crossing the Fermi surface.
The temperature evolution of the spectra of type B is shown in Figure 2(c). As men-
tioned earlier, these spectra indeed show the double peak structure as in the spectra of type
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A, but these spectra are significantly broadened and cannot be analyzed within the ambit of
BTK theory. The temperature dependence of the overall spectral features reveals two asso-
ciated energy scales. At lowest temperature the symmetric peaks in dI/dV appear around
± 6 meV respectively. This is one well defined energy scale in this case. The double dip
structure is smoothly suppressed with increasing temperature which eventually becomes a
strong dip at V = 0. This dip structure continues to exist above the global superconducting
critical temperature of Sr0.5Ce0.5FBiS2. This single dip structure becomes most intense at
6 K. Up to this temperature the spectra in Figure 2(c) are shown as solid lines. Beyond
this temperature, the dip starts getting suppressed and such higher temperature spectra are
represented by dotted lines for visual clarity. The suppression of the dip amplitude is rather
slow and the dip eventually disappears in the background at a much higher temperature
of 40 K. Beyond this temperature the spectrum remains temperature independent. This
corresponds to the second energy scale in the system.
It should be noted that the dip structure above the superconducting Tc changes only
slightly with an applied magnetic field as high as 5 T. A sharp dip structure in differential
conductance in the point-contact spectra between two non-superconducting metals (that
do not show significant dependence on magnetic field but do show strong dependence with
temperature) might also be related to a gap in the density of states associated with a
charge density wave (CDW)-like phase originating due to the nesting of certain fermi surface
pockets. Such a gap is seen for metallic point-contacts on NbSe3, a standard example of a
CDW-system [36]. Therefore, the pseudogap structure observed here may be attributed to
possible nesting in certain pockets of the Fermi surface of Sr0.5Ce0.5FBiS2.
Having identified two distinct energy scales corresponding to two physical orders, it is now
imperative to investigate the electronic structure of Sr0.5Ce0.5FBiS2 and identify the bands
relevant to various ordered phases and the coupling responsible for their stability. To address
this issue, we have investigated the detailed electronic structure of bulk Sr0.5Ce0.5FBiS2 and
effects of its interaction with Pd tip using first-principles DFT-based calculations.
3. Theoretical Calculations:
Within an LDA+U treatment of electronic structure, Sr0.5Ce0.5FBiS2 (crystal structure is
shown in Figure 3(a)) is metallic in nature as seen in a nonzero electronic density of states at
the Fermi level (see Figure 3(b)). The electronic states in the energy range between -7.8 eV
and -6 eV are composed of F 2p orbitals. S 3p and Ce 4f orbitals contribute to the density
7
FIG. 3: (a) Crystal structure of bulk Sr0.5Ce0.5FBiS2. (b) spin resolved electronic density
of states of bulk Sr0.5Ce0.5FBiS2. Spin resolved Fermi surface contributed by three bands
crossing Fermi level: (c) band A for majority spin, (d) band B for majority spin, (e) band
C for majority spin, (f) band A for minority spin, (g) band B for minority spin and (h)
band C for minority spin. Superlattice SrCeF2 Bi2 S4 Pd4: (j) crystal structure and (k)
spin resolved electronic density of states.
of states in the energy range between -6 eV and -1.5 eV constituting valence band similar to
that in oxides. The states at the Fermi level in the conduction band are constituted of Bi 6p,
Ce 4f , 5d and Sr 5s orbitals contribute to the conduction band. Due to magnetic exchange
coupling, occupied up spin and unoccupied down spin states with Ce 4f orbital character
are separated by 4 eV. One valence electron of Ce3+ ion occupies the lowest energy f orbital
with up spin and contributes a local magnetic moment of 1 µB (per Ce
3+), which is more
than its experimental value of 0.88 µB at 2.5 K. We find three bands crossing the Fermi
level (See spin resolved band structure in supplementary Figure S4(a) and Figure S4(b)),
and our estimation of the corresponding Fermi velocities (see TABLE I) are in the range 4-6
× 105 m/s.
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The Fermi surfaces associated with the three bands are all electron-like, and involve Bi
6p orbitals (see Figure 3). The elliptical part of Fermi surface (centered at Γ point of the
Brillouin zone) associated with band A (see Figure 3(f)) of the minority spin distinguishes
itself from that of the majority spin. Fermi surfaces associated with bands B and C with
spin up and down are similar. The nonzero nesting wave vectors connecting the parallel
flat parts of the spin resolved Fermi surfaces are qA=0.392 A˚
−1
for band A and qB=0.506
A˚
−1
for band B. Through a strong electron-phonon coupling, they are responsible for charge
density waves as competing instabilities in the system. This is consistent with the observed
pseudogap-like feature in the experimental data at higher temperatures. In addition, a soft
Raman active mode of A1g symmetry with frequency 46 cm
−1 (See Figure S5(a)) involving
the nonzero eigen-displacement of Bi and S atoms exhibits a strong coupling with electrons
(λ=0.34), which can be understood from the fact that electronic density of states at the
Fermi level arises from Bi 6p orbitals.
TABLE I: Fermi velocities in the bands crossing Fermi level of bulk Sr0.5Ce0.5FBiS2.
Up spin
band vF (10
5 m/s)
Down spin
band vF (10
5 m/s)
A 5.96 A 5.63
B 5.75 B 5.41
C 4.31 C 4.19
The idea that the superconducting critical temperature here is suppressed by the fluctu-
ation of the phase of the complex superconduting order parameter is also supported by the
observation of a two-fold enhancement of the critical temperature formed under the point-
contacts (5 K) than the bulk critical temperature (2.5 K) of SrCeF2Bi2S4Pd4. In order to
understand this, we examine its interaction with Pd through determination of electronic
structure of SrCeF2Bi2S4Pd4 superlattice, constructed by including two layers consisting of
four Pd atoms on top of Bi-S layer along c direction (See Figure 3(j)). Metallic nature of
Sr0.5Ce0.5FBiS2 is retained even after its interaction with two atomic layers of Pd. However,
this interaction perturbs the energy levels of all the atoms. The states in the energy range
between -7.9 eV and -5 eV associated with F 2p orbitals get shifted down in energy with
respect to EF . Nonzero density of states at the Fermi level arises from Pd 4d, S 3p and
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Bi 6p (See Figure 3(k)) orbitals, reflecting a strong hybridization between Pd 4d and S 3p
orbitals which is not present in the electronic structure of the bulk. Local magnetic moment
per cell (1 µB) remains unchanged as there is no contribution coming from Pd 4d orbitals
to magnetic moment. We notice interaction with Pd leads to an increase in the density of
states at the Fermi level (N(0)) of the superlattice by 78% compared to bulk. More im-
portantly, weaker nesting of multi-band Fermi surface of the superlattice (see Figure S6)
compared to the bulk suggests suppression of the charge density wave instability resulting
in enhancement of the superconducting transition temperature under the point-contacts.
We note that the increase in density of states at the Fermi level is expected to make the
phase of the order parameter stiffer against fluctuations. Depending on the order of shift in
stiffness the critical temperature may increase up to a maximum of the mean field critical
temperature. This idea was discussed in detail in the past in the context of high Tc cuprates
[37]. This further supports the claim that quantum fluctuations of the phase of the complex
superconducting order parameter caused by competing orders lead to the formation of a
pseudogap in Sr0.5Ce0.5FBiS2.
4. conclusions:
In conclusion, we have obtained a signature of a normal state pseudogap-like feature in the
BiS2 based ferromagnetic superconductor Sr0.5Ce0.5FBiS2. From first-principles calculations,
we have shown that multiple competing orders are supported by the electronic structure of
Sr0.5Ce0.5FBiS2 that might cause the suppression of superconducting Tc through phase fluc-
tuations leading to a pseudo-gap like feature. We have also observed a two fold enhancement
of Tc when a Pd-point-contact is formed on the surface of Sr0.5Ce0.5FBiS2. We attribute
this enhancement to the relative increase in the phase stiffness resulting from suppression
of competing charge density wave instabilities due to weaker nesting of the Fermi surface.
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